Ecological change due to habitat fragmentation and climate change can decrease population viability, especially in herbivores and the plant communities upon which they depend.
namely altered food resources --we conducted a study of diet preferences and responses to novel plants in a mammalian population experiencing severe drought conditions. We focused on dusky-footed woodrats (Neotoma fuscipes), a behaviorally plastic herbivore that successfully makes a living in a variety of habitats throughout California and southern Oregon.
The species has been identified as an ecosystem engineer (Whitford and Steinberger 2010) , due to its construction of large tent-shaped dens that create buffered microclimates not only for woodrats, but also for a long list of species including many arthropods, lizards, snakes, and other small mammals. They are also prey to a number of predators including California spotted owls, coyotes, bobcats, fox, raccoons, skunks, weasels, and snakes. Given their ubiquity and central role in the food web, woodrats are an ideal indicator species (Caro 2010) for California's Mediterranean ecosystems. Although woodrats are not endangered and are currently classified as "least concern" by IUCN, population declines have been occurring in the species since the early 2000s (McEachern et al. 2007 ), which may be linked to climate change and increasing drought conditions in California. These factors suggest that woodrats are an excellent system to study how generalist herbivores behaviorally cope with climate change and its effect on food resources.
In particular we were interested in investigating the extent to which edge habitat might provide alternative food sources for woodrats during drought. Edge effects have long been discussed in the wildlife conservation literature, with both positive (e.g., increased biodiversity and abundance) and negative (e.g., increased predation pressure) consequences (Leopold 1933 , Lidicker 1999 , Kremsater and Bunnell 1999 . Previous work on woodrats in Douglas fir / tanoak forests has highlighted this tradeoff; despite increased risk of predation from spotted owls and other predators, woodrats readily cross ecotonal boundaries and frequently use edge habitat Noon 1993, Sakai and Noon 1997) . Reasons for this behavior are not well understood, but researchers have speculated that density-dependent factors as well as declines in food quantity or quality are probably involved (Sakai and Noon 1997) . Taking this work into account, we included edge effects in our analysis, reasoning that edge habitat may provide alternative food sources for woodrats and affect food preferences during drought. Based on previous diet studies of N. fuscipes [(Atsatt and Ingram 1983, McEachern et al. 2006 and the ecologically similar Neotoma macrotis (Linsdale and Tevis 1951) , formerly a subspecies of N.
fuscipes (Matocq 2002) ], we expected to find that woodrats prefer locally available plants, such as scrub oak. However, we also hypothesized that proximity to edge habitat mediates this effect-individuals living close to edge habitat may be more likely to sample edge plants, and novel plants in general-simply because they have more experience with plant variety. Our results quantify behavioral plasticity in food preferences in woodrats along an ecotonal gradient, and examine the value of edge habitat to wildlife conservation, particularly during times of environmental stress. As our results suggest, proximity to edge habitat may enhance woodrat survival during drought, when access to alternative food resources can be extremely beneficial.
MATERIALS AND METHODS

Study
Site.-Experimental trials were conducted June-September 2013 at the Quail Ridge Reserve, in Napa County, California (38°49' N, 122°14'W), part of the UC Davis Natural Reserve System. 2013 was a significant drought year, the driest year in California's recorded history, and the second year of drought in the state's current dry period, in its fifth year as of 2016. A population (N=22) of dusky-footed woodrats (Neotoma fuscipes) living in mixed oak woodland habitat bordered by chamise chaparral was live-trapped for inclusion in the study. 9 of these 22 individuals were run multiple times through cafeteria trials, in order to examine the extent of variation that may occur within the same individual. The study site (area=0.93 hectares) was located on a north-facing slope, dominated by California scrub oak (Quercus berberidifolia), poison oak (Toxicodendron diversilobum), toyon (Heteromeles arbutifolia), California bay laurel (Umbellularia californica), and California buckeye (Aesculus californica). Chamise (Adenostoma fasciculatum) dominated the edge and surrounding habitat on south facing slopes.
The two habitat types were distinctly separated by an approximately 2 m wide fire road along the spine of the ridge (hereby referred to as the habitat edge).
Live-Trapping.-The study area was regularly live-trapped 1 night per month to mark and monitor the woodrat population. Trapping effort included 2 XLK Sherman traps (7.62 x 9.525 x 30.48 cm; H.B. Sherman Traps, Inc) baited with oats and placed directly outside each woodrat den. Traps were set at dusk and checked the next morning shortly after sunrise. All woodrats were sexed, weighed, and marked with Biomark HPT12 pit tags, as well as standard metal ear tags. For cafeteria trials, traps were set an additional 2 -3 nights per month. Woodrats included in cafeteria trials were transferred to separate holding cages and transported a short distance (< 500 m) to an outdoor field "laboratory" (large tent equipped with a table, experimental arena, scale, and video camera). During the day, woodrats were held under the shade of a large tent, and their holding cages were covered with a cotton sheet to simulate the dark environment of their dens. They were provided with water ad libitum and deprived of food until nightfall to encourage participation in cafeteria trials.
Cafeteria Trials.-Cafeteria trials were conducted at night (20:00-01:00) when woodrats are typically active and foraging. In order to examine the dietary preferences of N. fuscipes, trapped individuals were presented with a total of 7 plant foods. These included 5 plants common in the immediate habitat and familiar to all woodrats in our study: bay, oak, toyon, buckeye, and poison oak. In addition we included chamise, a drought-tolerant plant that dominates the surrounding edge habitat. Chamise was potentially novel to woodrats in our study living in interior oak woodland habitat. Thus, to establish a baseline to responses to novel food, as well as investigate any patterns in that response (e.g, by age or sex), we also included 1 completely novel plant sample, incense cedar (Calocedrus decurrens). Incense cedar is naturally consumed by other woodrat populations in California (McEachern et al. 2006 ), but is not present at the Quail Ridge Reserve. Like chamise and all of the plants included in our study, incense cedar is chemically defended with plant secondary compounds.
Fresh plant samples were offered simultaneously and in equal amounts (2 g-wet weight). Trials were run individually, in glass experimental arenas (0.6 x 0.3 x 0.3 m) with wire mesh lids. For each trial, a single woodrat was introduced into the arena for an initial acclimation period of 10 minutes. After acclimation, a glass partition was used to confine the woodrat while the seven plant samples were placed in the arena in randomized order. The woodrat was then allowed to sample plants for 15 minutes under video surveillance. Following trials, the remaining uneaten plant samples were removed from the arena, weighed, and recorded. All woodrats were released at their points of capture (i.e. den) following cafeteria trials. All animal procedures followed ASM guidelines (Sikes et al. 2011 ) and were conducted under UC Davis IACUC approval (Protocol 16253).
Distance from Edge Habitat.-The UTM location and altitude of woodrat dens were marked using a handheld GPS unit (Garmin GPS MAP 64s). A fire road marking the habitat boundary between the north-facing oak forest slope form the south-facing chamise slope was mapped using GPS points every 1 m. Distance between a den and habitat boundary was calculated as the minimum two-dimensional distance between the two points. Analyses were also run with three-dimensional Euclidean distance and yielded similar results, however these were not used in the final analysis due to large measurement errors in elevation.
Statistical Analysis.-Data were analyzed using a series of generalized linear mixed models in R (v. 3.2.1) using the map2stan function in the rethinking package (McElreath, 2015) and Hamiltonian Monte Carlo implementation in RStan v. 2.70 (Stan Development Team, 2015) .
As distances are positive continuous variables, which are well described by a gamma distribution, we used a gamma-distributed GLM to model the distances of adult and juvenile woodrat dens relative to the habitat edge. For the diet preference models, 6 models were fit to the observed data and compared using Widely Applicable Information Criterion (WAIC) ( Table 2) .
WAIC is a generalized form of information theoretic model comparison (of which the more familiar AIC is a special case), suited for Bayesian hierarchical model comparison (Watanabe 2010 ). All models for the cafeteria trial study assumed a zero-augmented gamma distribution for the outcome variable (grams of plant material eaten). A zero-augmented gamma is a mixture distribution that combines a Bernoulli and gamma distribution. The Bernoulli component estimates p, the probability of an individual consuming a plant (measured as a 1/0 outcome). The gamma component estimates μ , the amount of food eaten given that an animal chooses to sample food. Model estimates for p and μ were used as metrics for diet preference. Predictor variables included age, sex, distance to the habitat edge (log transformed), and an interaction between age and distance. We included varying slopes for each plant species consumed for these predictors, 
RESULTS
WAIC model weight provides a means to assess the value of different combinations of predictors in out-of-sample prediction. We considered models with main effects including distance from edge, sex, age, and age by distance and sex by distance interaction effects. WAIC favored the model (m6, wWAIC = 91%) that included distance, age, and an interaction between age and distance ( Table 1) . Summaries of the parameters estimated in the models and WAIC values for m6 can be seen in Table 2 . For juveniles across all plant types, a negative relationship between distance from habitat edge and grams eaten (Fig 2a-h) and distance from habitat edge and probability of a plant being consumed were observed (Fig 1a-h) . In contrast to juveniles living far from the habitat edge, adult woodrats further from the edge were more likely to consume each plant item and ate more of each food item, with one exception-scrub oak. Adults also showed a near zero relationship between scrub oak consumption and distance to habitat edge, whereas juveniles showed a strong negative relationship (Fig 1g & 2g) . (Freeland and Janzen 1974) . However, experience with small amounts of plant toxins can induce tolerance (Freeland and Janzen 1974, Fox and Morrow 1981) , which potentially explains why adults included more plant variety in their preferred diets. It also may partially explain why individuals who were sampled repeatedly were more likely to sample plant materials in subsequent trials, although habituation to the cafeteria trials and other unmeasured ecological factors cannot be ruled out.
Interestingly, woodrats showed the least amount of preference for incense cedar, the novel food source, and also showed the least amount of difference in amount consumed for adults and juveniles (Fig 1e, Fig 2e, Table 3 ). While cedar is a natural part of woodrat diets in other parts of the species' range, this finding is in line with research showing that woodrats tend to avoid novel, chemically defended plants (McEachern et al., 2006) . In this case, it is likely that both adults and juveniles at Quail Ridge, who have no previous experience with incense cedar, lack the physiological mechanisms needed to detoxify its cocktail of secondary compounds. In future studies, it would also be interesting to see if woodrats are more likely to sample novel, chemically defended foods in the presence of social information such as olfactory cues, as has been found in Norway Rats (Galef, 1996) .
Edge Effects, Age, and Diet Preferences.-Distance from habitat edge and its interaction with woodrat age was one of the most important predictors of diet preference during cafeteria trials. Adults who lived farthest from the habitat edge were more likely to sample both larger quantities and a wider range of plants compared to adults living near the edge. With the exception of scrub oak, adult woodrats furthest from the habitat edge sampled over twice as much of each plant material compared to adults living close to the edge (Figure 3 ). However, when pooled over all plants, this effect is much less pronounced (Figure 3h ). Few adults occupied dens near edge habitat (only 1 adult occupied a den within 10 meters of the edge, compared to 4 juveniles in the same category). Thus the edge effect we observed in adults may be an artifact of sampling variation, or perhaps due to some social or ecological factor we did not measure. More data is needed to clarify whether this result has ecological significance.
Interestingly, juveniles displayed the opposite edge-effect. Juveniles living closest to the edge consumed larger quantities of plants than juveniles living in interior scrub oak habitat ( Figure 3 ). This result may be due to the possibility that juveniles living close to the edge occupy lower quality habitat and are thus more nutritionally stressed than juveniles in the interior. Several factors including increased risk of predation and increased exposure to environmental extremes near edges could contribute to this difference. Another important factor is whether and how far juveniles must disperse from their natal territory. Dispersing juveniles may be more likely to occupy lower quality territories near the edge, and may be more nutritionally stressed due to the energetic costs of dispersal combined with the consequences of residing in lower quality habitat. Other studies have found similar age-based edge effects in small mammals, with adults tending to occupy home ranges in the center of habitat patches and juveniles occupying home ranges near the edge, presumably due to their competitive inferiority (e.g, gray-tailed voles, Lidicker and Peterson 1999) .
Both adult and juvenile woodrats showed a strong preference for scrub oak (Fig 1g and Fig 2g) .
For adults, we found a near zero relationship between distance from den to habitat edge, whereas in juveniles we observed a marked decrease in scrub oak consumption in woodrats occupying dens further from the edge. The overall preference for scrub oak is unsurprising, as it is a common resource in their habitat and is often a highly nutritional and reliable food source. The markedly higher consumption of scrub oak by juveniles closer to the edge might be due to the fact that they are nutritionally stressed and occupy low quality territories.
While this study is not the first to document that woodrat consume chamise (Linsdale and Tevis 1951) , we were surprised by the quantities of chamise consumed and its high rank in the preferred diet for adults and juveniles. Our results suggest that woodrats may be actively crossing the edge boundary to access chamise, as it is rare in scrub oak habitat. This result echoes similar observations by Sakai and Noon (1997) in forested habitats. We hypothesized that individuals living closer to edge habitat would be more likely to consume chamise. Our results support this hypothesis, but the effect was largely driven by juvenile food preferences. The opposite edge effect was observed in adult woodrats (Fig 1f and 2f) -adults living further from the habitat edge were more likely to consume chamise. However, this result is difficult to interpret given that most adults lived in interior scrub oak habitat and not near the edge. For this reason, we cannot rule out the role of sampling variation in driving this result. Additional data would help clarify the interaction between age and distance to edge that we observed.
Management Implications.-Edge habitat presents a tradeoff for wildlife, with both positive and negative effects on populations. There is a rich literature demonstrating the negative effects of habitat edges, which can expose individuals to higher levels of biotic and abiotic stress (Harris 1988 , Murcia 1995 . However, edge habitat is not universally bad under all contexts, and some species appear to be "edge species" with greater abundance near edges (e.g., deer and taiga voles, Wolf and Lidicker 1980). Among mammals, the cumulative effects of edges appear to be neutral or positive (Kremsater and Bunnell 1999) . Clearly, in the context of extreme drought, proximity to natural edge habitat (i.e, chamise chaparral, or chamissal) can be beneficial to woodrat populations at our study site. Woodrat populations living near edges are able to exploit chamise as an alternative food resource and are able to maintain higher density populations compared to habitats lacking access to chamise. Other studies have documented the value of edge habitat to supporting abundant populations of woodrats (Sakai and Noon 1993) and their predators (Sakai and Noon 1997) . Our findings suggest that chaparral edge habitats bordering oak woodlands can help sustain woodrat populations, and may provide refugia during extreme or prolonged droughts when preferred resources such as oaks provide a less reliable food source. It is important to consider, however, that other ecological factors may be at play and a broader sampling effort across different sites is necessary to fully examine the robustness of this hypothesis. Other studies have documented declines in woodrat populations related to drought conditions such as reduced rainfall (Gillespie 2008 ) and aridity (Spevak 1983 ) that can significantly affect food resources. However, the effects of food limitation are also probably interacting with predation pressures, and territory quality, which have not been quantified at Quail Ridge Reserve. Additional research exploring the tradeoffs between increased access to chamise and increased predation risk is needed to elucidate the importance of edge habitats as refugia for woodrat populations during drought.
An important finding of this study is that woodrats will readily consume large quantities of chamise-a plant that is rare in the woodrat's preferred scrub oak habitat, and highly chemically defended by plant secondary compounds. This observation is important for several reasons.
Nutritional quality and leaf abundance in California oaks is reduced during drought (Callaway & Nadkarni 1991), so it is likely an important survival strategy for woodrats to seek out other food sources when droughts occur. In other mammals, reduced oak nutritional quality during drought has been linked to a reduction in lactation quality and subsequent switch in diet preference (Lashley and Harper 2012) . The ranges of many oak species-a preferred food of woodrats across California's mediterranean ecosystems-are expected to shrink as the climate changes (Kueppers et al. 2005; Loarie et al. 2008 ) and more drought and fire-tolerant plants, such as chamise may expand their ranges locally.
This study suggests a management plan for woodrats (and for other species that depend upon woodrat dens for shelter) that prioritizes the maintenance of edge habitat, specifically chamissal, in addition to their preferred oak woodland habitat during times of drought. Drought is a fundamental aspect of California's climate. For the past 5 years and counting, California has been experiencing the worst drought in over a century of observation (Griffin and Anchukaitis 2014) . The state's extreme arid conditions from autumn 2013 through spring 2014, marked some of the lowest water totals in the climate record. Particularly in Central and Southern California, the effects of low precipitation were intensified by record breaking hot temperatures (Griffin and Anchukaitis 2014 , Vose et al. 2014 , NOAA 2014 , and it is only expected to increase the intensity of evaporation and drought in the future (Seager et al. 2007) . Due to these current and predicted climatic shifts, it is imperative to monitor and observe ecological responses, in particular that of keystone and indicator species such as woodrats. 
